Axon-like neuritogenesis in neuroblastoma (NG108-15) cells and primary cerebellar granular neurons is furthered by the presence of ganglioside GM1. We describe here that galectin-1 (Gal-1), a homobivalent endogenous lectin, is an effector by cross-linking the ganglioside and its associated glycoprotein a 5 b 1 -integrin. The thereby triggered signaling cascade involves autophosphorylation of focal adhesion kinase and activation of phospholipase Cc and phosphoinositide-3 kinase. This leads to a transient increase in the intracellular Ca 2+ concentration by opening of TRPC5 channels, which belong to the signal transduction-gated cation channels. Controls with GM1-defective cells (NG-CR72 and neurons from ganglio-series KO mice) were retarded in axonal growth, underscoring the relevance of GM1 as functional counterreceptor for Gal-1. The lectin's presence was detected in the NG108-15 cells, suggesting an autocrine mechanism of action, and in astrocytes in situ. Gal-1, as cross-linking lectin, can thus translate metabolic conversion of ganglioside GD1a to GM1 by neuraminidase action into axon growth.
Structural versatility and readily accessible cell surface presentation predestine glycans for roles in cellular sociology, the core of the concept of the sugar code (Gabius 2009 (Gabius , 2015 Sol ıs et al. 2015) . In the central nervous system, gangliosides are the predominant form of sialyglycoconjugates, products of intricate biosynthesis and substrates in dynamic remodeling (Ando 1983; Prinetti et al. 2007; Yu et al. 2008; Wu 2009, 2015; Sturgill et al. 2012; Schengrund 2015) . In this respect, enzymatic desialylation of gangliosides GD1a/b and GT1b to yield GM1 by a neuraminidase (N'ase) has been established as a molecular switch for neuronal differentiation and neurite outgrowth (Pitto et al. 1989; Wu and Ledeen 1991; Kopitz et al. 1994; Ledeen et al. 1998; Hasegawa et al. 2000; Proshin et al. 2002; Kappagantula et al. 2014) . Using a multivalent tool for cross-linking the generated ganglioside GM1, i.e. the pentameric cholera toxin B-subunit (Ctx-B), outgrowth of axonlike neurites could be triggered, in neuroblastoma cell lines and primary neurons (Milani et al. 1992; Carlson et al. 1994; Wu et al. 1996; Fang et al. 2000) . The Ctx-B-dependent cross-linking of GM1 into aggregates was assumed to start a signaling cascade. The molecular nature of its effector had been revealed as a member of the transient receptor potential [canonical] subfamily within the signal transduction-gated cation channels, i.e. TPRC5, which underlies transient increases of [Ca 2+ ] i in neuroblastoma (NG108-15) cells and primary cerebellar granular neurons (CGNs) (Wu et al. 2007) . In detail, the initial protein (Ctx-B)-glycan recognition accounts for GM1-mediated crosslinking of the a 5 b 1 -integrin (with which GM1 is associated) that in turn triggered downstream activation of autophosphorylation of focal adhesion kinase (FAK) and then activation of phospholipase C (PLCc) and phosphoinositide-3 kinase (PI(3)K) (Wu et al. 2007) . These experiments with a bacterial sugar receptor lead to the question whether a tissue lectin can qualify as a physiological mimetic of Ctx-B. Of note in this respect, metabolic precursors of ganglioside GM1 (GD1a, GT1b) are known to engage in contact with myelin-associated glycoprotein (a lectin known as siglec-4), an interaction inhibiting axon outgrowth that is abolished by the N'ase-induced conversion of GD1a and GT1b to GM1 (Collins et al. 1997; Vyas et al. 2005; Quarles 2007) .
Several lines of evidence direct interest to members of the family of galectins (b-galactoside-specific proteins sharing the b-sandwich fold and a sequence signature with a Trp in the center (Hirabayashi 1997; Kaltner and Gabius 2012; Andr e et al. 2015) , especially homodimeric galectin-1 (Gal-1): (i) galectin activity has been found in neuroblastoma (N-18) cells and brain extracts by lactose-inhibitable hemagglutination (Teichberg et al. 1975; Simpson et al. 1977; Eisenbarth et al. 1978; Kobiler et al. 1978) , (ii) b-galactoside-binding capacity has histochemically been revealed in human peripheral nerves and cerebellum (Gabius et al. 1988; Bardosi et al. 1990; Kuchler et al. 1990) , (iii) immunohistochemical detection in rat dorsal root ganglion neurons and cerebellum has been reported for Gal-1 (Regan et al. 1986; Kuchler et al. 1989) , (iv) Gal-1 is a binding partner of the GM1 pentasaccharide on neuroblastoma (SK-N-MC) cell surfaces, in solution and in model (Kopitz et al. 1998; Siebert et al. 2003; Majewski et al. 2015) and (v) Gal-1, as lectin, is active in axon regeneration in vitro (Horie et al. 1999; Kopitz et al. 2004) . Proceeding from this experimental basis, we tested the hypothesis whether Gal-1 elicits axon-like neuritogenesis in vitro, using as controls a GM1-negative cell line and primary cultures from mice deficient in GM1 synthesis.
Materials and methods

Galectin-1 and its antibody
Bacterial extracts containing Gal-1 were obtained after recombinant production, and the lectin was purified by affinity chromatography on lactosylated Sepharose 4B, prepared by divinyl sulfone activation and ligand coupling, as crucial step as described (Andr e et al. 2007 ).
Analysis of product quality by mass spectrometric fingerprinting of tryptic digests, of purity by one-and two-dimensional gel electrophoresis and gel filtration and of activity by hemagglutination and anoikis induction was performed using optimized protocols (Gabius et al. 1984; Andr e et al. 2007) . The lectin was labeled using the N-hydroxysuccinimide derivative of biotin (Sigma, Munich, Germany) under activity-preserving conditions (Gabius et al. 1992) , and its activity was ascertained by solid-phase and cell assays Amano et al. 2012) . Polyclonal antibodies were raised in rabbits, and the immunoglobulin G preparation was systematically tested against other members of this lectin family (i.e. by ELISAs and western blotting to exclude cross-reactivity, followed by removal of crossreactive antibodies by affinity chromatography-based depletion, using the respective galectin as bead-immobilized ligand (Kaltner et al. 2002 (Kaltner et al. , 2011 .
Cell culture and neuritogenesis NG108-15 (neuroblastoma 9 glioma hybrid) and NG-CR72 [mutant of NG108-15 lacking GM1 synthase (Wu et al. 2001) ] cells were routinely cultured in Dulbecco's modified Eagle's medium (DMEM) with 5% or 10% fetal bovine serum (FBS). For neuritogenesis experiments, they were grown in DMEM with N2 supplement and treated with Clostridium perfringens N'ase (0.2 unit/mL) alone, N'ase plus Gal-1 (5 lg/mL), Ctx-B (5 lg/mL) or anti-Gal-1 antibody (10 lg/mL). NG-CR72 cells were also treated with retinoic acid (20 lM). For testing involvement of PLC, PI(3)K and TRPC5 channels in Gal-1-induced neuritogenesis, pharmacological blockers U73122 (PLC, 1-5 lM), wortmannin (PI(3)K, 1-5 lM), LY294002 (PI(3)K, 1-5 lM) and SK&F 96365 (TRP channel, 10-50 lM) were co-applied. After 72 h, neuritogenesis was quantified as percentage of cells bearing neurites . Neurites were defined as processes of length more than 29 the soma diameter. The induced neurites were characterized by immunocytochemical (IC) staining for axonal and dendritic marker proteins: mouse monoclonal Ab (MAb) against p-NF-H (SMI-31) and SV2 were used for identifying axonlike processes, while rabbit anti-MAP2 antibody was used for dendrite-like processes .
Primary cultures of cerebellar granular neurons were performed as described previously (Wu et al. 1996 (Wu et al. , 2004 (Wu et al. , 2007 . Cells were prepared from cerebella of 7-day-old normal and ganglio-series null [GM2/GD2 synthase knockout, B4galnt1
] pups (C57BL/6 background). On the second day in vitro (2 DIV) before sprouting of neurites, the medium was replaced by DMEM containing N2 supplement and 1% FBS containing Gal-1 (10 lg/mL), Ctx-B (5 lg/mL) or anti-Gal-1 (10 lg/mL), in the presence or absence of blockers listed above. After 24 h of treatment, photomicrographs were taken, and the longest neurite (axon) in each CGN was measured with UltraView software (PerkinElmer, Wellesley, CA, USA). Axonal property of these neurites was confirmed with IC staining by SMI-31 MAb (see above).
Binding of Gal-1 to ganglioside GM1 Lipid extraction of NG108-15 and NG-CR72 cells was carried out with chloroform-methanol-water (5 : 5 : 1), and following centrifugation, portions of the supernatants were applied to a silica gel high-performance thin-layer chromatography (HPTLC) plate. Bovine brain ganglioside mixture (BBG) was applied in parallel as control. Separation was effected with chloroform/methanol/ aqueous KCl (2 M) (50/40/10, v/v/v). The plate was treated with N'ase (1 U/mL) in acetate buffer (50 mM, pH 5.3) at 37°C for 2 h that converted gangliotetraose gangliosides to GM1 and then incubated with biotinylated Gal-1 (10 lg/mL) in phosphate-buffered saline (PBS)-2% bovine serum albumin (BSA) at 20-24°C for 1 h, followed by immersion in a solution of avidin-horseradish peroxidase (HRP) (1 : 100) at 20-24°C 1 h. Finally, Gal-1-reactive bands were visualized on Blue BIO film using enhanced chemiluminescence (ECL) reagent.
To reveal Gal-1 reactivity to GM1 on the cell surface, NG108-15 and NG-CR72 cells were treated with trypsin (2.5 mg/mL) in culture at 37°C for 30 min. Cells were fixed in cold paraformaldehyde (2% in PBS) and treated with N'ase (1 U/mL, pH 5.3, 37°C, 1.5 h), followed by incubation with solution containing biotinylated Gal-1 (10 lg/mL, 20-24°C, 1 h) and streptavidin-FITC (1 : 100, 20-24°C, 1 h) in PBS-2% BSA. Parallel staining using FITClabeled Ctx-B (5 lg/mL) was also carried out. Additionally, cells were pretreated (20-24°C, 1 h) with Ctx-B (10 lg/mL) or anti-GM1 antibody (1 : 100; gift of Dr R. L. Schnaar) in PBS-2% BSA prior to incubation with solutions containing biotinylated Gal-1 and avidin/streptavidin-FITC. Signals were semi-quantified according to fluorescence intensity on the cell surface that was classified into three groups (none, low and high).
TRPC5 Knockdown by shRNA
To test involvement of TRPC5 channels in the Gal-1-dependent effect, a mixture of four pRS plasmids containing sequences encoding short hairpin RNA (shRNA; OriGene, Rockville, MD, USA) to silence TRPC5-specific mRNA was transfected into both NG108-15 cells and normal CGNs with Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA) following the manufacturer's protocol. Negative control was the plasmid containing nonsense shRNA. Sequences of TRPC5 shRNA were (1) GCATTACTCACG CCATCCGCAAGGAGGT, (2) TCTACCTGGCAACTATTTCCT TGAAGATC, (3) AAGAAGCCTCTCCACCAGCAGTGCTGATT and (4) AAGTCAGATGAACCTTGGCGAGGTAGAGC. For CGNs, transfection was done in freshly prepared cells before seeding. Forty-eight hours after transfection, TRPC5-specific mRNA expression was examined by RT-PCR as previously described (Wu et al. 2007) , using forward primer TTCTCTTTATC TACTGCC and reverse primer TGGAGCRAAYTTCCAYTC (R = G or A and Y = C or T). TRPC5 protein expression was checked with immunoblot (IB) and IC, using goat anti-TRPC5 antibody plus second antibody labeled with HRP as previously reported (Wu et al. 2007 ), see below. Neuritogenesis assays in shRNA-treated cells were performed as above.
Activation of integrin-controlled signaling molecules
The changes induced by Gal-1 treatment involving activation (tyrosine-phosphorylation) of a 5 b 1 -integrin and signaling molecules including FAK, PLCc, PI(3)K were tested by immunoprecipitation (IP) and IB carried out as before (Wu et al. 2007) . Briefly, NG108-15 cells were treated with N'ase and reacted with Gal-1 (10 lg/mL, up to 20 min), followed by extraction with M-PER reagent. Lysate containing~100 lg protein was subjected to polyacrylamide gel (7%) electrophoresis, proteins were electrotransferred to a polyvinylidene difluoride membrane, and the latter was probed with goat anti-FAKpy397 (1 : 100) or rabbit anti-p85 PI(3)Kpy508 (1 : 200) antibody, as described (Wu et al. 2007 ). Immunoblot using anti-actin MAb was also carried out as loading control. Following reaction of second antibody labeled with HRP, bands were visualized on Blue BIO film using ECL reagent. In addition, lysate (~300 lg protein) was immunoprecipitated with 50 lL of agarose beads presenting PT66 MAb against phosphorylated tyrosine, and the IP product was subjected to IB analysis using goat anti-b 1 -integrin (1 : 250) or rabbit anti-PLCc (1 : 200) antibody. Double IC staining was performed to ascertain tyrosine phosphorylation of the above-mentioned proteins and their co-localization with Gal-1/GM1 in intact cells as previously described (Wu et al. 2007) . Briefly, NG108-15 cells and mouse CGNs (2 DIV) grown on coverslips were pretreated with N'ase (0.5 U/mL) in culture and exposed to solution containing biotinylated Gal-1 (10 lg/mL) in ice-cold Ca 2+ -free Hank's solution for 15 min, followed by an incubation period of 30 min at 37°C. They were fixed with 2% paraformaldehyde and immunostained as previously described (Wu et al. , 2007 . Primary antibodies included rabbit anti-b 1 -integrin (1 : 100), mouse anti-FAKpy 396 (1 : 200) and rabbit anti-P85 PI(3)Kpy 508 (1 : 200); corresponding second antibodies were labeled with Texas red, and their solution was mixed with avidin-FITC (1 : 300). Documentation of fluorescence distribution was recorded with a two-photon confocal microscope (Bio-Rad, Hercules, CA, USA).
] i was determined with fura-2-based fluorescence spectrometry as previously described (Fang et al. 2000 (Fang et al. , 2002 Wu et al. 2007 ). NG108-15 and NG-CR-72 cells were treated with N'ase (2 U/mL, 2 h) and then loaded with fura-2 AM (5 lM, 30 min) followed by [Ca 2+ ] i measurement in suspension in a physiological saline solution consisting of 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 10 mM glucose, 0.25 mM sulfinpyrazone and 1% BSA. [Ca 2+ ] i levels were monitored as fluorescence ratio between the two excitation wavelengths (R 340/380 ) for 600-800 s, during which Ca 2+ (5 mM), Ctx-B (5 lg/mL), Gal-1 (10 lg/mL) and ATP (2 mM) were applied at designated times. When pharmacological inhibitors were used, they were applied to cells in suspension in physiological saline solution containing 2 mM Ca 2+ for 15-30 min prior to [Ca 2+ ] i determination. [Ca 2+ ] i measurements were also carried out in NG108-15 cells transfected with control and TRPC5-specific shRNA plasmids.
Detection of Gal-1
To determine whether Gal-1 was present in the culture medium, undifferentiated NG108-15 cells and CGNs were grown in DMEM with N2 supplement and 1% FBS for 48 h followed by centrifugation at 4000 rpm for 15 min. Proteins in the supernatant were precipitated with 25% ice-cold trichloroacetic acid (v/v) for 30 min and pelleted by centrifugation. The protein pellet was washed with ice-cold (96%) ethanol once and then dissolved in sample buffer with or without 5% (v/v) b-mercaptoethanol. Aliquots containing 30 lg protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% polyacrylamide gels under reducing (4% b-mercaptoethanol) or non-reducing conditions. After electrophoretic transfer to a polyvinylidene difluoride membrane, the lectin was visualized on Blue BIO film by processing with rabbit anti-Gal-1 antibody (10 lg/mL) followed by goat anti-rabbit IgG linked with HRP (1 : 200) and finally ECL reagent.
To determine the source of Gal-1, IC was performed on undifferentiated NG108-15 cells and primary CGNs that were grown on coverslips and fixed with 2% paraformaldehyde in PBS. After treatment with 0.5% Triton X-100 at 20-24°C for 30 min, the cells were incubated overnight at 4°C with rabbit anti-Gal-1 antibody (1 : 100) in PBS containing 2% BSA and 0.1% Triton X-100. This was followed by incubation with FITC-labeled goat anti-rabbit IgG (1 : 300) for 2 h at 20-24°C. In the case of CGNs, antibodies against marker proteins for neurons (NeuN, mouse MAb, 1 : 500) and astrocytes (glial fibrillary acidic protein (GFAP), mouse MAb, 1 : 200) were co-stained with anti-Gal-1 antibody, the corresponding second Abs labeled with Texas red.
Developmental change of Gal-1 expression in mouse cerebellum Cerebella were collected from neonatal normal and ganglio-seriesdeficient mice at the age of 7-9 days. They were fixed in 4% paraformaldehyde and immersed in 30% sucrose for > 48 h; 15 lm sagittal cryosections were immersed overnight at 4°C in a solution containing rabbit anti-Gal-1 (1 : 100), together with mouse anti-GFAP (1 : 200) or mouse anti-p-NF-H (1 : 1000), PBS-2% BSA-0.1% Triton X-100. After thorough washing with PBS containing 0.01% Triton X-100, slides were immersed for 2 h at 22-24°C in a solution containing fluorescent indicator-labeled second antibody (1 : 200); Hoechst 33 342 dye (2 lg/mL) for nuclear staining was added during the last 30 min. The signal distribution was recorded with a two-photon confocal microscope as done for signal-cascade analysis.
Data analysis
For the quantification of neurite outgrowth in NG108-15 cells, statistical significance was analyzed by Student's t-test (two-tailed) from three independent experiments (n = 3), each involving 200-300 cells counted.
Axon formation in primary CGN cultures was analyzed in a total of~300 cells from three individual experiments. Data were statistically analyzed by one-way ANOVA with Dunnett's post-test, using GraphPad Prism software (San Diego, CA, USA).
The extent of Gal-1 binding was analyzed by semi-quantitative classification into three groups (none, low and high). More than 200 cells in each treatment group were processed in one experiment, and data are the average of three independent experiments.
Results
Binding of Gal-1 to ganglioside GM1 and to enzymatically treated neuroblastoma cells Because NG108-15 and the NG-CR72 mutant cells differ in display of gangliosides, Gal-1 reactivity to these two types of cell should be different. In the first step, to ascertain reactivity of Gal-1 to GM1 and absence of binding to glycolipids of NG-CR72 cells, gangliosides in the lipid extracts were separated by HPTLC and treated with N'ase and each HPTLC plate then probed with labeled Gal-1. The mixture of bovine brain gangliosides (BBG) used as control ascertained enzyme activity to convert gangliosides' glycan chains to the GM1 pentasaccharide and its reactivity to Gal-1 (Fig. 1a) . In the case of NG108-15 cells, this revealed robust Gal-1 binding to GM1 and to the GD1a locus due to N'asedependent conversion of the latter to GM1. Lipid extract from the mutant NG-CR72 cells, on the other hand, expectedly showed no Gal-1-binding consonant with the absence of a-series gangliosides (GM1, GD1a) (Fig. 1a) . Cell binding, documented by fluorescence microscopy, was rather low without enzyme treatment but significantly enhanced in the case of NG108-15 cells by N'ase-induced desialylation; this was also seen with the GM1-specific probe Ctx-B (Fig. 1b) . Assessed semi-quantitatively, low-level binding of Gal-1 to NG108-15 cells was in part sensitive to trypsin treatment, pointing to some reactivity to glycoproteins or to relevance of (glyco)proteins as ganglioside-presenting scaffold (Fig. 1c) . In stark contrast, N'ase unmasked prominent binding sites, whose accessibility could be reduced by the presence of Ctx-B or anti-GM1 antibody (Fig. 1c) . Tested as control, Ctx-B binding to NG108-15 cells was not sensitive to trypsinization but markedly increased upon making the GM1 pentasaccharide available; in comparison, Ctx-B binding to NG-CR72 cells was very low (Fig. 1c) . Obviously, ganglioside GM1 is made available by N'ase treatment. It is the main binding partner of Gal-1 in the NG108-15 cells, prompting us to proceed to examine whether it is a functional counterreceptor. Toward this end, TRPC5-mediated Ca 2+ influx was tested.
Gal-1 induces Ca
2+ influx via TRPC5 channels Using NG108-15 cells, Gal-1 was first shown to be without effect on [Ca 2+ ] i if no Ca 2+ was added to the medium (Fig. 2a) . Mobilization of intracellular Ca 2+ as response to Gal-1 could thus be excluded. In the presence of 5 mM Ca 2+ in the medium, a concentration-dependent increase in extent of transient elevation of [Ca 2+ ] i was measured (Fig. 2a) . A mechanistic similarity was inferred for Gal-1 and Ctx-B by consecutive exposure of these cells to these two proteins and by recording a diminished response after the second treatment irrespective of the order of treatment (Fig. 2b) . In contrast to the GM1-presenting cells, the mutant cells were not responsive, in line with the concept of GM1 dependence (Fig. 2c) . In order to exclude the possibility for impaired Ca 2+ import, ATP, an inducer of TRPC5-mediated Ca 2+ influx (Shimizu et al. 2006) , was tested and shown to trigger an amplitude of the same size as was typical for NG108-15 cells and Gal-1 treatment (Fig. 2c) . Having herewith documented a Gal-1-dependent increase in [Ca 2+ ] i , the hypothesis of its definitive relationship to TRPC5 channels was examined by silencing channel expression using shRNA.
Down-regulation of respective expression levels was verified by RT-PCR, IB and IC (Fig. 3a-c) , and the transfected cells became unresponsive to Gal-1 presence (Fig. 3d) . The concept of mechanistic similarity of Ctx-B and Gal-1 as molecular effectors for transient [Ca 2+ ] i increase was further pursued by determining the effect of the PLC blocker U73122 and the PI(3)K inhibitors LY294002 and wortmannin. All three compounds abolished the response to Gal-1 (Fig. 3e) . This reactivity intimated involvement of b 1 -integrin-dependent signaling and tyrosine phosphorylation.
Activation of b 1 -integrin signaling by Gal-1 Using phosphotyrosine site-specific antibodies (i.e. antiFAKpy397 and anti-p85 PI(3)Kpy508) and the phosphotyrosine-specific monoclonal antibody PT66 in combination with immunodetection of b 1 -integrin and PLCc respective, probing was performed. In each case, a Gal-1-dependent signal increase was detected (Fig. 4b) . Fittingly, IC visualization of the phosphorylation was possible, together with Gal-1 binding at sites of sprouting when incubating cells at 37°C (Fig. 4c) . Of physiological relevance, similar data were obtained in primary cultures of CGNs treated with Gal-1 at 2DIV (Fig. 5) . These observations suggested a role of Gal-1 in neuritogenesis.
Induction of axon-like neurites by Gal-1
To assess an impact of Gal-1 on neuritogenesis, cells of NG108-15 and its GM1-deficient mutant were exposed to Gal-1 in the presence of N'ase. Of note, the enzymatic desialylation already had a positive effect on the NG108-15 cells, increasing the percentage of neurite-bearing cells from 15.5% to 34.2% (Fig. 6a (i and ii) and b). No such effect was seen in the case of the mutant cells ( Fig. 6 a (v and vi) ). External presence of Gal-1 led to a further increase in this parameter (to 49.4%), whereas mutant cells reacted with inhibition of cell proliferation but not neurite growth ( Fig. 6  a (iii and vii) ). Anti-Gal-1-specific antibody blocked the effect, and the mutant cells were confirmed to be capable of neurite extension in response to retinoic acid treatment ( Fig. 6 a (iv and viii) ). Statistical significance was reached for differences upon treatment with N'ase, Gal-1 and Ctx-B, with the anti-Gal-1-specific antibody as well as with the three signaling inhibitors and the TRP channel blocker (Fig. 6b) . Immunocytochemical monitoring showed neurites to be positive for axon-specific but not dendrite-specific markers (Fig. 6c) . The functional correlation between TRPC5 presence and neurite outgrowth was further substantiated by testing transfected cells using shRNA (Fig. 6d) . The respective correlation with GM1 presence was delineated by axonogenic experiments using primary cultures of CGN from 7-day-old normal and ganglio-series KO mice. When applying Gal-1 on 2DIV, before outgrowth of processes occurred, and monitoring formation of axons (longest process positive for pNF-H) on 3DIV (24 h after starting the treatment), spontaneous growth of axons was stimulated ( Fig. 7 a (i and iii) vs . Fig 7 a (ii and iv) ). Average axon length increased from 199 AE 6.3 lm in controls to 303 AE 7.1 lm in Gal-1-treated cultures, comparable to the effect of Ctx-B (at 286 AE 7.0 lm) (Fig. 7b and  f) . In contrast, spontaneous axon growth in cultures from the KO mice lacking GM1 was significantly lower (at 132 AE 3.4 lm) (Fig. 7a (v) , c and f) and unaffected by Gal-1 (Fig. 7a (vi) and c) , suggesting critical importance of ganglioside GM1 in axonogenesis. As seen in the cell line, axon outgrowth was significantly reduced by signaling inhibitors (average length shortened to 92-123 lm) (Fig. 7d and f) and TRPC5 knockdown (average length shortened to 111 AE 4.0 lm for specific shRNA vs. 198 AE 5.6 lm for control shRNA) (Fig. 7a (vii) vs. Fig. 7a (viii), Fig. 7e and f). Of note, the effect of addition of a Gal-1-specific antibody also reached the level of statistical significance for the wildtype but, expectedly, not mutant CGNs (Fig. 7f) . This had similarly been seen in the cell systems (Fig. 6a (iv), b) . This result indicates in situ presence of Gal-1.
Presence of Gal-1 in medium of NG108-15 cells and CGNs in vitro and in vivo Conditioned media of cell cultures were processed by IP, and the obtained material was probed by IB. The typical 14-kDa band for the lectin was detected under reducing conditions, together with immunoreactive material in the high-molecularweight range (Fig. 8a) . When run under non-reducing conditions, Gal-1, which contains six sulfhydryl groups reactive for disulfide bridging, was exclusively detected in the highmolecular-weight range (not shown). The neuroblastoma cells (Fig. 8b) and cerebellar cells positive for GFAP (astrocytes) but not NeuN (neurons) (Fig. 8c) were stained for Gal-1. In vivo, Gal-1 was detected in the cerebellum of neonatal mice (8-10 days old), prominently in GFAP-positive cells in the inner granular layer and white matter (Fig. 9a) . Examining serial sections by pNF-H staining detected delayed sprouting of axons (climbing fibers) from inner granular neurons in KO mice (Fig. 9b) . In direct comparison, KO mice reached the stage of full extension of the climbing fibers of 9-day-old control mice after 10 days.
Discussion
Galectin-1 and ganglioside GM1 had been independently implicated as effectors of neuronal differentiation, often in coordination with N'ase as effector for GM1 elevation. The lectin was shown to enhance axonal regeneration following peripheral nerve transection, such regrowth being blocked in the presence of anti-Gal-1 antibody (Horie et al. 1999) . Axon regeneration was also observed, when a defect in synthesis of another glycan ligand for Gal-1, i.e. N-acetyllactosamine repeats (Merkle and Cummings 1988) , was ameliorated (Henion et al. 2005) . As counterreceptor for the a 5 b 1 -integrin, Gal-1 is known to exert a 5 b 1 -integrindependent growth control in carcinoma cells via caspase-8 or the expression of the cyclin-dependent kinase inhibitor p27 (Fischer et al. 2005; Sanchez-Ruderisch et al. 2011; Amano et al. 2012) . Interestingly, presence of Gal-3, another family member with structurally different molecular design, blocks this activity by competition for binding, as is the case for neuroblastoma cells (Kopitz et al. 2001; Sanchez-Ruderisch et al. 2010) .
As for GM1, several studies have implicated its involvement in neurite/axon extension (Ledeen and Wu 2015 ). An early example was prolific neurite outgrowth resulting from GM1 elevation by N'ase application to Neuro2A cells (Wu and Ledeen 1991) , Ca 2+ influx functioning as a necessary concomitant to axonal-as opposed to dendritic-outgrowth in that system . Endogenous gangliosidespecific N'ase was shown to be up-regulated during Neuro2A cell differentiation (Hasegawa et al. 2000) , thereby indicating an intrinsic mechanism for neuronal elevation of GM1. Similar up-regulation of N'ase had been observed during developmental axonal growth in hippocampal neurons (Abad-Rodr ıguez et al. 2001), while axonal specification depended on accumulation of plasma membrane gangliosidespecific N'ase (Neu3 sialidase) at the tip of the destined neurite (Da Silva et al. 2005) . Neu3 activation that accompanied successful regeneration of injured peripheral nerve resulted from activation of p38 MAPK, a reaction that did not occur in retinal axons; that was suggested as the rationale for well-known failure of CNS axons to regenerate in contrast to the facile regeneration of PNS axons (Kappagantula et al. 2014) .
The present data provide a connecting link between these two lines by defining Gal-1 as elicitor of axonal neuritogenesis dependent on cross-linking of ganglioside GM1. Testing cell models with GM1 deficiency, Ctx-B in consecutive incubation steps and anti-Gal-1 antibodies substantiated the operativeness of a functional lectin-glycan recognition. It initiated signaling, eventually transiently opening TRPC5 channels and increasing [Ca 2+ ] i . Considering the growing implication of N'ase in axon regeneration after damage (Abad-Rodr ıguez et al. 2001; Mountney et al. 2010; Kappagantula et al. 2014) , the negative impact of the interaction of GD1a and GT1b with siglec-4 can be assumed to be switched off by GD1a and GT1b conversion to GM1, while regeneration capacity is then switched on via the Gal-1/GM1 route. This lectin's cross-linking capacity, when considered from a therapeutic perspective, can be increased by protein engineering, turning the homodimer into a covalently connected bivalent (tandem-repeat-type) variant (Zhang et al. 2015) . In view of the functional analogy between Ctx-B and Gal-1 in this respect, it is essential to set limits to extrapolations from data with exogenous (bacterial) compounds and to emphasize the apparent significance of the topology of lectin-counterreceptor aggregates for functional activity . Despite sharing highaffinity binding to neuroblastoma (SK-N-MC) cells and the relevance of microdomain integrity, Ctx-B was not a negative growth regulator for these cells as Gal-1 and other homodimeric galectins are (Kopitz et al. 2001 (Kopitz et al. , 2010 (Kopitz et al. , 2012 Andr e et al. 2005) .
Equally important to be noted in the physiological context, GM1 has been implicated in another neuritogenic mechanism. The glycoprotein laminin-1 here serves as binding partner, and translocation of b 1 -integrin in lipid rafts with colocalization with TrkA and induction of MAPK signaling were reported (Ichikawa et al. 2009 ). Because Gal-1 is known to be able to bind to glycans of laminin (Zhou and Cummings 1993; Ohannesian et al. 1994 Ohannesian et al. , 1995 Andr e et al. 1999) , it is an open question whether the lectin may be a part of this molecular interplay. Also, examining the possibility of TRPC5 channel activation and the nature of induced neurites is of interest in further delineating postbinding events.
It should be noted that Ca 2+ influx via TRPC5 channels, triggered by Gal-1 cross-linking of integrin-associated GM1, is likely restricted to the initial phase of axon outgrowth, consistent with the abundant presence of TRPC5 only at an early stage of neuronal differentiation (Wu et al. 2007 ). This puts in context the earlier observation that Ctx-B induced Ca 2+ influx in CGNs only during the first 7 days in culture, after which Ctx-B proved inhibitory (Wu et al. 1996) . Whereas this TRPC5-mediated elevation of [Ca 2+ ] i depended on prior elevation of membrane GM1, the latter in turn arose from activation or up-regulation of plasma membrane ganglioside N'ase. This in turn may have been mediated by another Ca 2+ effect, such as that required for regeneration of PNS axons (Kappagantula et al. 2014) .
In a broader context, the dynamic remodeling of gangliosides can be functionally relevant along this pathway also for other cell types. Considering the impact of Ctx-B and GM1 on [Ca 2+ ] i in rat lymphocytes and human T-lymphocyte (Jurkat) cells (Dixon et al. 1987; Gouy et al. 1994) , the concomitant up-regulation of GM1 presentation by effector T cells and Gal-1 expression in regulatory T cells upon activation engenders a mechanism of suppressing autoimmune disease state (Wang et al. 2009 ). If a defect in GM1 generation lets effector T cells evade the regulatory control by Gal-1, as is the case in an animal model of type I diabetes (Wu et al. 2011) , then corresponding therapeutic approaches could restore the intercellular communication.
This evidence for a functional antagonism and the expression of several galectins, as documented for various types of malignancies including brain tumors (Camby et al. 2001; Dawson et al. 2013; Katzenmaier et al. 2014) , thus gives direction to a histochemical and functional monitoring of these lectins in situ/in vitro. Of note, respective work has revealed expression of Gal-4, a tandem-repeat-type protein, in cortical and hippocampal neurons, where its positive Fig. 9 Comparison of galectin-1 (Gal-1) expression and axon growth in developing cerebellum of normal and KO mice (7-9 days old). (a) Presence of Gal-1 in the region between Purkinje layer (PL) and inner granular layer (IGL) and between PL and molecular layer (ML). Gal-1 is present in glial fibrillary acidic protein (GFAP)-positive astrocytes in both 9-day-old normal and KO cerebellum. Amplification = 400x. (b) Extension of pNF-H-positive axons (mossy fibers) from IGL into extra granular layer (EGL). Axons grow through the PL and ML into the EGL from day 7 to 9 in normal cerebellum; growth is retarded in KO cerebellum. Amplification = 200x.
influence on axon growth is attributed, at least in part, to its role in glycoprotein (L1) routing and clustering (Velasco et al. 2013; Abad-Rodr ıguez and D ıez-Revuelta 2015) . Put in perspective, these results together with the presented data indicate the potential of these lectins to modulate axon growth along different pathways, warranting further study.
